The 170-kDa membrane protein P-glycoprotein (multidrug resistance protein 1) transporter has currently attracted attention as an intermediation factor in drug interactions, in addition to its role in the effects of drugs on metabolizing enzymes. This transporter is an ATP-dependent drug efflux pump that is constitutively expressed in several human tissues, including the intestinal epithelia, blood-brain barrier endothelia, liver, kidney, testes, and lymphocytes, as well as in cancer cells. [1] [2] [3] A multitude of drugs have been identified as P-glycoprotein substrates, inhibitors, or inducers, and the rapid assessment of these characteristics of a drug or drug candidate is crucial to anticipate potentially serious drug interactions or therapy failures. Rhodamine 123 is frequently used to measure such interactions. Generally, a microplatereader is used to detect the fluorescence of rhodamine 123. In this apparatus, the fluorescence value represents the sum of residual rhodamine 123 in the cells, covering the apical to basal parts. On the other hand, some investigators have measured the efflux of rhodamine 123 from cells loaded with rhodamine 123. This also measures all rhodamine 123 efflux from the apical to basal cell membranes. At all events, these assays indicate excretion through not only the P-glycoprotein transporter but also via other efflux transporters. However, P-glycoprotein is located on the brush border membrane (apical membrane) of Caco-2 cells, and thus delicate changes in P-glycoprotein function may be able to be detected by measurement of only the rhodamine 123 immediately under the apical membrane.
The aim of present study was to develop a method to measure P-glycoprotein activity with higher sensitivity than currently available methods. Using a confocal laser scanning microscope image analysis device, we analyzed the dynamics of intracellular rhodamine 123 temporally and three-dimensionally. We found that we could perform not only highly sensitive measurement of P-glycoprotein activity but that we were also able to investigate the intracellular dynamics of rhodamine 123 using this device.
MATERIALS AND METHODS

Cell Culture of Caco-2 Cells
The human colon adenocarcinoma cell line (Caco-2) was purchased from DS Pharma Biomedical Co., Ltd. (Osaka, Japan) and cells were cultured in MEMϩGlutaMAX TM -1 medium (Gibco Laboratories, Grand Island, NY, U.S.A.) supplemented with 10% fetal bovine serum and 1% nonessential amino acids in an atmosphere of 5% CO 2 -95% air at 37°C. They were subcultured every 5 d using 0.02% ethylenediaminetetraacetic acid (EDTA) and 0.25% trypsin. The cells were used between passages 47 and 52.
Transport measurement was performed in a Transwell chamber (BD Biosciences, San Jose, CA, U.S.A.). To prepare cell monolayers, Caco-2 cells were seeded at a cell density of 3ϫ10 4 cells/filter on polyethylene terephthalate filters (pore size 0.4 mm) in cell culture inserts (0.3 cm 2 effective growth area). Cells were used at 7 d after seeding.
Measurement of Rhodamine 123
All experiments were performed in physiological saline solution (PSS) in a water bath at 37°C. The composition of PSS was as follows (in mmol/l): NaCl, 140; KCl, 4.0; CaCl 2 , 2.0; MgCl 2 , 2.0; N-(2-hydroxyethyl)piperazine-NЈ-2-ethanesulfonic acid (HEPES), 10; glucose, 10; pH 7.4 (adjusted with NaOH). The cell culture insert was placed on a glass bottom dish and the Caco-2 cells were incubated with 3 mM rhodamine 123 for 90 min at 37°C. The cells were rinsed three times with PSS. The glass bottom dish containing the cell culture insert was wrapped with parafilm around their edges to prevent water vapor loss and the dish was then placed onto the stage of a time-lapse We established a highly sensitive method for evaluating P-glycoprotein activity in Caco-2 cells. Using timelapse confocal laser-scanning microscopy, we measured the change in fluorescence of residual rhodamine 123 in Caco-2 cells. Horizontal fluorescence images of rhodamine 123 in the apical and central parts of these cells were captured for 90 min. A continuous and significant decrease in the fluorescent intensity of rhodamine 123 in the apical part of the Caco-2 cells occurred during the measurement period, while the decrease in the central part was mild. The decrease in rhodamine 123 intensity in the apical part of Caco-2 cells were abolished in the presence of 10 mM digoxin, but the decrease in the central part was not. The decrease in total rhodamine 123 over whole cells was no significant influence of digoxin was observed. This residual rhodamine 123 assay for evaluating P-glycoprotein in the apical part of Caco-2 cells imaged by confocal laser scanning microscopy is more sensitive than conventional methods and will be a valuable screening tool for studying both the inhibition and induction of P-glycoprotein activity and expression. This method may also be useful for predicting P-glycoproteinmediated alterations in the intestinal absorption of drugs.
confocal laser-scanning microscope (C1si; Nikon, Tokyo, Japan). An argon laser (Melles Eriot 85BCD020053, Albuquerque, NM, U.S.A.) emitted an excitation wavelength of 488 nm. Emitted light was collected with a 515 nm long-pass dichroic reflector and a 515-nm long-pass emission filter through a Plan Fluor objective (ϫ60; NAϭ0.7). To quantify intracellular rhodamine 123 in the Caco-2 cells, images were obtained for 0, 10, 15, 20, 30, 60 and 90 min. At 10 min after setting on the stage of a time-lapse confocal laser-scanning microscope, digoxin or PSS were added to the cells. Fluorescence intensity was calculated by dividing the fluorescence intensity at each experimental time point.
Twenty cell slice images were photographed along the Zaxis direction at equal intervals from the brush border membrane (apical part) toward the basal membrane with 12 bits dynamic range, as shown in Fig. 1 . An image of immediately under the apical membrane and an image of the central part of the cell (the highest brightness part) were analyzed. When a focus was moved along the Z-axis, a whole cell image obtained first was assumed an apical part. By adding the fluorescence intensity of each of the 20 image slices, the total residual amount of rhodamine 123 was calculated. The fluorescence intensity at the administrating of a drug or vehicle was defined as 100%.
Drugs and Solutions Digoxin was obtained from Sigma-Aldrich Co. (St. Louis, MO, U.S.A.). Rhodamine 123 (Molecular Probes, Eugene, OR, U.S.A.) was used as the substrate of multidrug resistance protein 1 (MDR1). Each drug concentration is expressed as the final molar concentration in PSS on the plates.
Statistics All values represent the meanϮS.E.M. The date were analyzed using a two-way ANOVA followed Bonferroni posttest when the ANOVA results were significant. pϽ0.05 was considered significant. Statistical analyses were performed using GraphPad Prism 4.03 software (GraphPad Software, La Jolla, CA, U.S.A.).
RESULTS
A representative image of the serial changes in the intensity of fluorescence in the Caco-2 cells is shown in Fig. 2 (Fig.  3a) . In the central part of the Caco-2 cells, no significant change was observed at 30 min after the start of scanning, although a significant decrease was noted at 90 min. However, there was no significant difference between the control and digoxin groups (Fig. 3b) . The change in the intensity of whole cell fluorescence was similar as shown in Fig. 3c; i.e., a significant decrease in the intensity of fluorescence was seen at 90 min after the start of scanning. Digoxin tended to inhibit this decrease, but not significantly. The fluorescent fading of rhodamine 123 was not observed during this experiment of 90 minutes.
DISCUSSION
The fluorescent dye rhodamine 123 has been extensively used as an index of P-glycoprotein-mediated transport in rodent and tissue culture models. Indeed, we examined the effects of seven dietary ingredients on P-glycoprotein function by measuring the accumulation and efflux of rhodamine 123, and found that capsaicin, piperine and sesamin significantly inhibited its function, while two of the other compounds inhibited its function but not significantly. 4) To clarify such subtle differences, more sensitive assay methods are required. In the present study, we found a different pattern of decrease in the intensity of rhodamine 123 between the apical and central parts of Caco-2 cells. In the apical part, the intensity of rhodamine 123 fluorescence rapidly decreased and then slowly continued to decrease from 30 to 90 min after the start of scanning. Digoxin, a potent substrate of P- A portion of the drug is excluded by P-glycoprotein at the apical membrane. The remainder of the drug is resolved by cytochrome P-450 and the residual drug is transported outside the basal membrane (into the blood). Caco-2 cells have some transporters (e.g., PepT1; peptide transporter, HPT1; human peptide transporter, OATP2B1; organic anion transporting polypeptide, OCTN2; novel organic cation transporter, OCT1-3; organic cation transporter, MRP2; multidrug resistance-associated protein and BCRP; breast cancer resistance protein), but this figure shows P-glycoprotein only for reasons of expediency. glycoprotein, completely inhibited these decreases, and this inhibition may have been due to the excretion of rhodamine 123 by P-glycoprotein. On the other hand, in the central part of Caco-2 cells, the intensity of the fluorescence was maintained at first and then decreased slowly. Digoxin did not change this significantly. Thus, most of this decrease was not due to P-glycoprotein activity and was most likely due to a transporter on the basal membrane. Measurement of the total intensity of fluorescence through whole cells showed results similar to this central pattern. Taken together, these findings indicate that measurement of rhodamine 123 in the apical part of Caco-2 cells, where P-glycoprotein is abundant, is more sensitive than measurement of total rhodamine 123 distributed over the whole cell, for the evaluation of P-glycoprotein function.
The decrease in total rhodamine 123 in the cells was timedependent and very stable. It is considered that this decrease mainly depends on P-glycoprotein and the other transporters of Caco-2 cells (Fig. 1) . However, the changes in rhodamine 123 amount in the different parts of cell, the center and the apical membrane, were not stable. The decrease in the apical part is mainly considered to depend on the P-glycoprotein. Fluorescence moved centrally from the cell membrane and subsequently generally decreased with time. Rhodamine 123 is well known to be taken up by mitochondria and is used as a marker of mitochondria. Johnson et al. 5) demonstrated that the laser dye rhodamine 123 could be used to stain mitochondria directly and selectively, i.e., without passage through endocytic vesicles and lysosomes, in a variety of cultured cells. The mechanism for this specific staining has not yet been determined but likely involves the positive charge of the dye at physiologic pH and consequent attraction by the relatively high negative electrical potential across the mitochondrial membrane. 5, 6) At all events, the mitochondria are the storehouse and source of rhodamine 123. Therefore, it would appear that the local changes observed in rhodamine 123 are the result of a complicated pathway involving the movement of rhodamine 123 through the cell and its mitochondria. By performing image analysis in three dimensions of the change in the quantity of rhodamine 123 in Caco-2 cells with time, we may be able to determine the intracellular flow (dynamics) of absorbed drugs.
Usually Caco-2 cells are used after 21 d of seeding, but we can use the cells after only 7 d. This is one of merits of our methods used in this study. At currently available methods, the fluorescence of all cells on a cell culture was observed. In this study, because we measure the fluorescence of each cell, the measurement of all cells is not necessary.
Considering that the treatment of multiple conditions (e.g., antiretroviral therapy, immunosuppressant treatment, cancer chemotherapy) currently requires a complex regimen of a combination of drug therapies, the need for in vitro modeling assay as well as a P-glycoprotein-inhibiting drug is evident. Furthermore, it is difficult to predict the interaction between foods and P-glycoprotein, and the subsequent pharmaceutical effects. The present assay using rhodamine 123 has three distinct advantages over previously used approaches: 1) highly sensitive detection of P-glycoprotein by local measurement in cells; 2) serial examination of P-glycoprotein function changes in the same cell; and 3) three-dimensional analysis of intracellular dynamics of drugs from the apical to basal membranes. While previous studies have focused on Western blot analysis of induced P-glycoprotein expression, this measurement system provides direct assessment of functional P-glycoprotein activity with high sensitivity while retaining the option of additional Western blot analysis. In particular, this system may be suitable for the detection of the mild influences of food ingredients. Indeed, drug-food interactions are increasingly recognized as having potential clinical implications. 7, 8) For example, it is well known that St. John's wort influences P-glycoprotein. 9, 10) However, it is not clear whether a lot of foods, except some foods (e.g., quercetin, 10) grapefruit juice, [11] [12] [13] pomelo juice 14) ), are able to influence P-glycoprotein. This new assay using a confocal laser microscopic image analyzer will contribute to generating an extensive database of valuable information on potential P-glycoprotein-related interactions between drugs, drug candidates and food ingredients.
